This paper proposes a new modulation strategy for a dual-active-bridge converter. The target of the new strategy is to suppress the circulating current in the converter by minimizing the load angle. The soft-switching operational area is expanded by employing frequency variation together with phase shift modulation. Unlike published modulation methods based on frequency variation, the strategy proposed in this paper can operate under the light or heavy power transmission regardless of the frequency limitation as well as the voltage ratio. As confirmed by experiments, the new strategy can boost the overall efficiency by up to 7% compared to the conventional single-phase-shift method.
Introduction
In recent years, DC power bidirectional transmission has gotten more attentions not only in large scale systems (1) but also in small scale one, such as electric vehicles (2) , aerospace (3) , etc. In such systems, there will be two or more voltage sources that are interconnected to each other. When the voltage levels are not matched, an isolated DC/DC converter to interface the DC power directly should be employed. One possible option is Dual-Active-Bridge (DAB) converter which was first introduced by De Doncker (4) in 1991. DAB-type converters have many advantages over other DC/DC converter topologies:
-electric power can be transmitted bidirectionally; -galvanic isolation and high voltage ratio can be achieved if a high frequency transformer is used; -space is saved because the leakage inductance of the transformer can be utilized as the power transmission container. The power flow within the DAB converter is usually manipulated by the single-phase-shift (SPS) modulation scheme (4) - (8) . In the SPS scheme, all transistors switch with the duty cycle of 50%. In each inverter, one leg is shifted 180 degrees from each other. Another phase shift angle between two inverters is utilized to handle the power flow. Since the realization is very simple, the SPS scheme is widely used for DAB converter family. Nevertheless, when transferring high power, although soft-switching is achieved, the circulating current within inverters is high. As a consequence, the reactive power and the conduction loss increase, thus, a) Correspondence to: Duy-Dinh Nguyen. E-mail: na14503@ shibaura-it.ac.jp * Shibaura Institute of Technology 3-7-5, Toyosu, Koto-ku, Tokyo 135-8548, Japan * * Tokyo University of Science 2641, Yamazaki, Noda, Chiba 278-8510, Japan downgrading the performance of the system. Several phase-shift-based techniques have been developed in order to reduce the circulating current and/or to extend the soft-switching region. By adding one or two more degrees of freedom into the modulation, enhanced-phase-shift (EPS), dual-phase-shift (DPS), or triple-phase-shift (TPS) schemes can be formed. The EPS (9) - (11) scheme uses one more socalled inner phase shift modulation to handle the duty cycle of the voltage across one side of the transformer. Thanks to the inner phase shift, the voltage ratio is controllable. However, this also requires some additional switching states that add more complexity into the analysis and controller design. The DPS method (12) - (16) introduces the inner phase shift modulation to both inverters. The voltage ratio is kept constant but the root-mean-square (RMS) voltages are changeable. In TPS strategy (2) (17)- (22) , the inner phase shift angles of the two inverters are different, so that both the voltage ratio and the RMS voltages can be modified. However, since only phase shift modulation is employed in those studies, it is difficult to achieve soft-switching under the light load condition.
The variable frequency modulation (VFM) scheme has been applied popularly in the conventional unidirectional DC/DC resonant converters (23) . Unlike the phase-shift-based modulation methods, VFM can extend the soft-switching region to the light load condition by increasing the switching frequency. Furthermore, frequency variation is also an alternative degree of freedom to help manage the power flow in the converter. For such reasons, VFM has also been applied to DAB converter applications. For example, the target of modulation technique presented in (24) is to turn off the transistors at a specific current of I zvs by varying the switching frequency. At the same time, the terminal current is controlled by phase shift modulation. However, the selection method for the transition current I zvs was not discussed in the paper. Besides, there were no results to validate if the experimental I zvs matches the desired one.
In (25) , a modulation strategy combining VFM with TPS was introduced. By shaping the transferred current to the triangular waveform, the RMS value of the current is reduced. This technique, however, is only utilized in the light load range since it does not perform as well as the conventional SPS scheme does at the heavy load condition. The strategy introduced in (26) varies the switching frequency basing on the power level condition. When the power is under a certain level, both VFM and EPS are applied to ensure ZVS. This scheme is also employed in the medium and light load conditions. Note that, due to: i) the switching capability of transistor; ii) the need to protect the magnetic devices from saturation; the frequency variable range must be limited. As a consequence, this limitation will affect the coverable power range of the converter. Nevertheless, this problem was not discussed in the aforementioned publications.
In this paper, a new modulation strategy for single phase isolated-dual-active-bridge converters is proposed. The analysis starts with deriving the equations for transition currents and the load angle in section 2 using the well-known approach reported in (4) . The zero-voltage-switching (ZVS) condition claimed in (4) was based on the assumption that the transistors change their switching state immediately. However, in practice, there is always a dead-time between transistors in the same leg of an inverter. After investigating the impact of the dead-time on the transition behavior of transistors, the new ZVS constraint is derived. Based on that, a new modulation method is proposed in section 3.
The new modulation strategy varies the switching frequency to regulate the load angle to follow a reference trajectory which is the boundary of the ZVS area. A closedform modulation function is developed to determine that trajectory. The switching frequency is selected as the dominant control variable, and the phase shift angle is calculated by using the modulation function. In order to eliminate the impact of the frequency limiter, an equivalent-power-parameterconverter is established. Thanks to the parameter converter, the proposed modulation can help cover all the power range regardless of how big the voltage ratio or the frequency limitation. Moreover, since the information both before and after the frequency limiter is used for calculating, the anti-windup function of the controller is no longer needed. Hence, the implementation of the control system can be simplified. Experiment results presented in section 4 show that, by applying the proposed modulation algorithm, the overall efficiency is enhanced up to 7% compared to that when applying the conventional SPS scheme.
Steady State Analysis

Derivation of Mathematic Equations
A DAB converter is depicted in Fig. 1 . The voltage at the two terminals are V 1 and V 2 , respectively. Because of the same role of the two terminals, let V 1 be the power transmitter, and V 2 be the receiver. The transformer ratio is n : 1. The inductor L s is utilized as the power deliverer. There are two full-bridge inverters located at the two sides of the transformer. All transistors are switched at the frequency of f s . Power flow within the converter is manipulated by a bridge shift angle of ψ. v inv1 (t), v inv2 (t) and i pri (t) are the voltages across two sides of the transformer and the transferred current measured at the primary winding, respectively. Let I 0 , I ψ , I π , and I π+ψ be the currents at transition. At the steady state, obviously I π = −I 0 and I π+ψ = −I ψ .
For simpler analysis, the primary referred diagram illustrated in Fig. 3 is utilized. The voltage drop on anti-parallel diodes are assumed to be very small compared to terminal voltages that can be neglected. The resistance of the transmission network is also ignored. Since the switching frequency is usually much faster than the dynamic of capacitors located at the two DC sides, the assumption of constant DC voltage in one switching cycle is made. By applying the analysis method introduced in (4) , transition currents I 0 and I ψ of the inverter 1 and 2, respectively, can be calculated by Eq. (1):
where M is the voltage ratio, M =
and X L is the reactance of the transmission network,
Ignoring the resistance of the windings and assuming that the current changes linearly, the load angle φ, which is the phase delay between i pri (t) and v inv1 (t), can be derived from Eq. (1) as:
Substituting Eq. (2) into Eq. (1), the transition currents are rewritten as:
According to (4) , ZVS is achieved if Eq. (4) is fulfilled.
In term of φ, ZVS condition is expressed by Eq. (5):
The ZVS constraint Eq. (5) is derived with the assumption that all MOSFETs transit immediately with no time delay. However, due to the output capacitance C ds of the MOS-FET, the drain-source voltage v ds needs some time to drop to zero. Therefore, a dead-time (T d ) is necessary, not only for avoiding shoot-through between switches in one arm, but also for charging/discharging the C ds of the MOSFETs and for achieving ZVS. Discussions on choosing an appropriate dead-time as well as the effect of the dead-time on the converter operation can be found in the literatures (24) (27)- (30) . In this paper, the same and fixed amount of dead-time T d is added to the rising edge of the modulation of all transistors. The next subsection discusses the effect of the dead-time interval on the ZVS condition.
Effect of Dead-time
During the dead-time interval, the output capacitor C ds of MOSFETs are charged/discharged by half of the current at the transition causing the drain-source voltage v ds (t) of the corresponding MOSFET to increase/decrease. If v ds (t) of the next transistor is zero at turn-on, the transition is ZVS; otherwise it is partial ZVS or hard-switching. Due to the charge/discharge time of C ds , both v inv1 (t) and v inv2 (t) are drifted from the theoretical positions (phase drift phenomenon (5) (24) (27) ). The drifted phase, which is denoted as θ dri f t in Fig. 4 , is equal to a half of the phase required for turning-off the transistor. The drift phase θ dri f t is not constant but depends on terminal voltages, and on the magnitude of the transferred power. Because v inv1 (t) is drifted, it is difficult to accurately determine φ, which has been defined as the phase difference between v inv1 (t) and i pri (t), in the design and analysis stages. Therefore, from now on, the load angle φ is redefined by the phase measured from the point where the transistor starts turning-off to the zero crossing point of the transferred current. This definition also guarantees the validity of the calculation of φ by Eq. (2) .
As for the turn-on action of the switch S 1 of the transmitting inverter, there are two scenarios of switching behavior regarding the relationship between the dead-phase is recharged causing v ds(S 1 ) (t) to increase again. This re-commutation phenomenon leads to current spikes in i ds(S 1 ) (t) as indicated in Fig. 4 (a).
starts flowing through D 1 causing v ds(S 1 ) (t) to drop to zero. Since φ ≥ θ d , i pri (t) is negative when S 1 turns on, therefore the transition is completely ZVS as depicted in Fig. 4(b) . Therefore, the condition for the transistors of inverter 1 to achieve ZVS is: (6) into Eq. (3), we have:
where I zvs,min is the minimum transition current to completely charge/discharge the body capacitor during the dead-time interval T d . As for the secondary side, the transistors of inverter 2 turn on with the transition current of I ψ,sec = nM × I ψ as demonstrated in the simulation waveforms in Fig. 5 . When I ψ,sec < I zvs,min , the discharge process of the output capacitors takes longer time than T d causing partial ZVS and current spikes on the transistors. This situation is depicted in Fig. 5(a) . Figure 5 (b) describes the switching waveform of T 1 when I ψ,sec ≥ I zvs,min . In that case, since I ψ is big enough, C ds(T 1 ) is completely discharged, and v ds(T 1 ) (t) is zero at turnon. Therefore, the condition for the transistors of inverter 2 to achieve full ZVS is: 
Substituting Eq. (3) and Eq. (7) into Eq. (8), then combining with Eq. (6), the united ZVS condition is derived as Eq. (9), where Φ min is the minimum load angle to maintain ZVS.
By rearranging Eq. (2), ψ can be calculated from the load angle φ as:
From Eq. (9) and Eq. (10), the ZVS condition is rewritten in term of ψ:
Modulation Strategy
Modulation Function
In order to reduce the reactive power in the system, the load angle should be as small as possible. The united ZVS condition Eq. (9) suggests that the smallest load angle to ensure ZVS of all switches is Φ min . If φ can be regulated at Φ min , the reactive power (and thus, the conduction loss, rms current, current stress, etc.) can be reduced. This can be done by using Eq. (10).
Eq. (10) implies that there will always be a phase shift angle to help obtain any given load angle. However, if ψ is used for regulating φ, there must be one more modulation variable to handle the magnitude of the power flow which is usually estimated by Eq. (12):
Since P is inversely proportional to the switching frequency f s , let f s be the additional control variable. A new modulation strategy combining both frequency variation and phase shifting (FPS) can be established. The target of the proposed modulation method is to minimize the load angle while maintaining ZVS for all transistors by: − manipulating the bridge shift angle ψ to regulate the load angle φ at Φ min ; − and at the same time, varying the switching frequency f s to control the magnitude of the transferred power in the system. Note that, when f s varies, the dead-phase caused by the dead-time also changes according to the following equation:
where F x is the normalized frequency defined by the ratio between the actual switching frequency f s over the nominal one (14), set to 1 in this paper (λ = 1), is necessary as it allows a margin for the phase drift phenomenon and for parameters variation.
Function block of the proposed FPS modulation method is demonstrated in Fig. 6 . The normalized frequency F x is the dominant control variable. The control loop varies F x to regulate the power flow at the desired state. The phase shift ψ FPS is derived from F x and the feedback voltage ratio M to keep φ at its minimal of Φ min . Figure 7 illustrates the FPS . In both cases of M, the calculation results of P are well matched to the simulation ones.
Frequency Variable Limitation
There are some remarks observed from the illustration in Fig. 7 :
− Remark 1: When transferring a small amount of power while maintaining ZVS, the switching frequency is increased to a very high value. In the small power range, although F x increases dramatically, P decreases slightly, especially when M is close to unity. In fact, there must be a high limitation of F x,max for frequency variation due to the switching capability of switching devices. The selection of F x,max also depends on the design of the transformer core which is usually designed at a given nominal frequency (F s ). Operating the core at a much higher switching frequency leads to the rise of winding AC resistance due to the skin and proximity effects. Hence, overall performance might be degraded by the unexpected additional copper loss. − Remark 2: Contrarily, large power is transferred at very small F x . The transmission becomes very sensitive as a small drop in F x may lead to a big growth in P. Moreover, since the peak flux density is inversely proportional to the switching frequency, when F x drops too deeply, the transformer might be saturated. Therefore, a low limitation of F x,min should be applied to prevent the transformer from saturating. Because of the low limitation, it is hard to modulate the converter by the original FPS to reach the maximum transmission power. The reverse of the flux density of the transformer decides the selection of F x,min . Let B pk be the peak flux density of the transformer at the nominal frequency F x (already known when designing the transformer). When the converter operates at F x,min , the peak flux density is B max ; B max should be equal to 70% ∼ 80% of the saturation flux density (can be found from the datasheet of the magnetic material). According to (31) , the number of turns of the primary winding N pri can be calculated by Eq. (15), where V 1,rms is the rms voltage across the primary winding; A c is the cross section area and K f = 4.0 for square voltage waveform:
From Eq. (15), F x,min is selected as follows:
When F x varies within the range of [F x,min , F x,max ], the modulation can control the power flow while regulating the load angle at desired value of Φ min . As F x reaches its limitation, the number of degrees of freedom reduces to only one, which is the phase shift. At that time, F x remains at its limitation and, conventionally, ψ starts changing to adjust the power. However, as mentioned above, F x has been chosen as the dominant control variable while ψ is derived by using the unified function Eq. (14) . The change of the dominant variable from F x to ψ will add more complexity into the control system. Therefore, the FPS method is being modified to compensate for the frequency limitation.
Modified FPS Modulation Strategy
Let F x,nl be the frequency without limitation, ψ nl is determined by substituting F x,nl into Eq. (14) . The transmission power obtained by applying the combination (F x,nl ; ψ nl ) is:
When a limiter is applied, the output of the frequency limiter is F x,wl . In order to obtain the same amount of transferred power P nl , the required phase shift is ψ wl :
Solving Eq. (17) (19) is other than ψ nl to help achieve the same amount of power P nl . The function block of the FPS modulation strategy with the addition of the modification function Eq. (19) is shown in Fig. 8 . Notes that, since both F x,nl and F x,wl are employed as the input signals of Eq. (19), the anti-windup function of the controller is not necessary, then realization of the control system can be simpler. Figure 9 (a) presents the differences between the original FPS and the modified FPS (MFPS) modulation trajectories in various cases of the voltage ratio. In the figure, the MFPS trajectories are indicated by the continuous curves whereas, the original ones are graphed by the dashed lines. In the range [F x,min , F x,max ], the original FPS and the MFPS trajectories are coincident. And thus, the minimum load angle Φ min can be achieved. As F x,nl > F x,max , ψ nl keeps increasing corresponding to the increment of F x,nl . Since F x,wl is fixed at F x,max , the compensated phase shift angle ψ wl decreases to reduce the transfered power. As a consequence, the obtained load angle is smaller than the desired one, Φ min . The ZVS constraint Eq. (9) might be conflicted. However, this is a trade-off between switching loss and conduction loss: ZVS and the AC resistance (conduction loss) will be increased, or partial ZVS (or even hard-switching) and the AC resistance is kept at an acceptable level. Similarly, when F x,nl < F x,min , ψ wl rises to allow more power to be transmitted. ZVS is ensured; however, the load angle tends to be greater than its minimal Φ min . Although the dissipation might not be the minimum, the magnetic core is prevented from saturation.
The relationship between the switching frequency and the transmission power is described in Fig. 9(b) . In the figure, the dashed and continuous lines represent the power obtained by applying the original FPS and the modified FPS, respectively. When modulating the converter by the original FPS, the transmission power range is narrower as M is closer to unity. In such a situation, it is very difficult to cover all the power range; otherwise, the switching frequency must be ultra high or ultra-low. When M is other than 1 (e.g. M = 1.25), although the original FPS can cover the medium and heavy power range, it cannot expand the transmission to the low power level. That is the common problem of the modulation techniques based only on the frequency variation such as VFM (24) . By applying the MFPS, the whole power range can be covered regardless of how big M is. For example, in order to achieve an ultra-low power transmission, the switching frequency must be very high. Thanks to MFPS, an equivalent combination (F x,wl , ψ wl ) can be utilized to achieve the desired transfered power without violating the frequency limitation.
Experimental Results
In order to evaluate the proposed modulation strategy, a laboratory-scaled experiment system of 500 W is built. Figure 10(a) illustrates the diagram of the system. Summary of system parameters is shown in Table 1 . PWM signals are generated from a TI-TMS320F28335 control card. The input parameters for the control card, F x and ψ, for modulation are provided by a dSPACE 1103 hardware-in-the-loop platform. A programmable power supply is connected to terminal 1, whereas a DC electronic load configured at constant voltage mode is connected to terminal 2. The voltage at terminal 1 is fixed at 50 V, meanwhile terminal 2 voltage is varied to achieve different voltage ratio M. The transformer with the winding ratio of 11 : 11 is designed at the nominal frequency of F s = 50 kHz. By using the shell winding structure, the magnetizing and leakage inductance measured at 50 kHz are 530 µH and 10.66 µH, respectively. Both primary and secondary windings are wound by AWG28 magnet wires. At the nominal condition (V 1 = 50 V, F s = 50 kHz), the peak flux density is about 90 mT. The maximum flux density B max is set to 250 mT, thus the low limitation F x,min is 0.36. The high limitation F x,max of 3.0 is selected. The deadtime is fixed at T d = 500 ns. The coefficient λ is set to 1.0. In order to confirm the validity of the proposed MFPS, performance evaluation in comparison with the VFM (which is also based on frequency variation) and the conventional SPS methods is conducted.
As for the VFM, since there is no specific recommendation for selecting the transition current I zvs in (24) , it is examined (7)) is selected as a reference since it is the minimum transition current to completely charge/discharge the drain-source capacitor of MOSFETs within the dead-time as mentioned above. All three modulation methods are investigated under some different conditions of voltage ratio M. Since the target is to compare the performance of the converter when operated by different modulation schemes, only open-loop test is considered. The MFPS and VFM modulation trajectories used in the experiments are shown in Fig. 11 . When M < 1 the MFPS trajectory is coincident with the VFM when the transition current of VFM, I zvs , is set to I zvs,min as shown in Fig. 11(a) for the case of M = 0.95. In contrast, if M > 1, the MFPS and VFM (I zvs = I zvs,min ) trajectories are different from each other ( Fig. 11(b) ). The load angle comparison is illustrated in Fig. 12 . In the experiments, the load angle is determined by measuring the time from the point when v ds(S 1 ) (t) starts falling to the zero crossing point of the transferred current i pri (t). In Fig. 12 , the trajectory of the minimum load angle Φ min is indicated as the dashed black line. When M is closest to unity (Fig. 12(b) ), the load angle φ MFPS obtained by using MFPS (the squaremarked, red curve) is most coincident to Φ min in the frequency variable range. As M gets farther from unity, the phase drift phenomenon has more effect leading to a larger gap between Φ min and φ MFPS . The biggest gap of approximately 1.7 degrees is recorded when transferring 500 W at M = 1.25 ( Fig. 12(d) ). In the scale of 360 degrees, this error is acceptable. Hence, it can be concluded that, in all investigated cases of M, the φ MFPS is well adhered to Φ min , especially in the high frequency (low power) range. When the switching frequency reaches its limits, the load angle tends to rise/fall at the heavy/light power transmission, as claimed above.
Regarding the VFM method, when it is implemented with I zvs = I zvs,min + 1, the obtained load angle is greater than Φ min . Contrarily, when I zvs is set to I zvs,min − 1, the measured load angle is smaller. Since Φ min is the minimum load angle to overcome the dead-phase θ d (caused by the deadtime), when the generated load angle is less than Φ min , partial ZVS might occur. One example for this situation is demonstrated in Fig. 13 . When transferring 265 W with M = 0.95 Although ZVS is achieved and the peak current is reduced to 7.8 A, the overall efficiency decreases to 92.42%. This is due to the increment of the load angle from 2.46 deg in the previous case to 15.66 deg ( Fig. 13(b) ). If MFPS is utilized, the power of 265 W is transferred at the switching frequency of 40 kHz (F x = 0.8). The measured load angle is 7.26 degrees which is almost equal to Φ min at 40 kHz (7.2 deg). Although the measured peak current of 8 A is a little bit higher than 7.8 A of the second case, the efficiency is boosted by 1.83%. Figure 14 presents the efficiency comparisons among the proposed MFPS, the VFM and the conventional SPS modulation strategies. As for the SPS method, its switching frequency is set to the nominal one (F x = 1) meanwhile the phase shift is increased gradually from ψ FPS until reaching the maximum power of 500 W. In all cases, the performance of MFPS is better than SPS. As the transferred power increases, the difference in the efficiency between MFPS and SPS becomes bigger. When transferring 1 pu of power under the condition: V 1 = 50 V and V 2 = 40 V (M = 1.25), the maximum efficiency enhancement of approximately 7% is recorded. This is comprehensible since the load angle (and thus, reactive power and conduction loss) generated by the MFPS scheme is much smaller than by the SPS method at the high power transmission. Moreover, at the high power range, the switching frequency is decreased leading to the reduction of commutation loss. It also contributes to the improvement of the performance of MFPS compared to the SPS strategy.
Comparison between the MFPS and the VFM is more difficult since performance of the VFM depends on the selection of I zvs . The MFPS works less efficiently than the VFM with I zvs = I zvs,min − 1 in the low and medium power ranges since transistors commutate under near ZVS condition. Among all investigated cases, the biggest gap in efficiency between MFPS and VFM (I zvs = I zvs,min − 1) is about −5% when transferring 190 W and M = 0.95 Fig. 14(b) . As the power increases, the transition condition becomes hard-switching leading to the downgrade of efficiency in the high power level. When increasing the transition current I zvs of the VFM strategy, its performance becomes worse than MFPS, especially in the medium and low power ranges. The maximum difference between MFPS and VFM is about 3% and 4.8% for two cases: I zvs = I zvs,min and I zvs = I zvs,min + 1, respectively, when sending 165 W and M = 1.25 as depicted in (Fig. 14(d) ).
Moreover, while the controllable power range covered by VFM depend on the voltage ratio M, MFPS can handle all the power range regardless of how big M is. As observed in Fig. 14(b) , when F x is clamped at F x,min , the efficiency is still high because ZVS is attained. However, corresponding to the growth of P, the efficiency falls gradually due to the increment of reactive power (load angle). When F x reaches F x,min , however, the efficiency increases at first then decreases. The reason is when ψ is big enough, partial ZVS is achieved leading to the rise of efficiency. Along with the reduction of ψ, the transition condition turns to be hard-switching then the converter works less efficiently. By increasing the high limitation F x,max , ZVS operation area can be expanded. However the rise of AC resistance due to the skin effect and proximity effect of transformer winding at high frequency may downgrade the performance of the converter.
Conclusion
In this paper, a new modulation strategy is proposed by combining both frequency variation and phase shift modulation for dual-active-bridge converters. Some major contributions of this paper are as follows:
− The new modulation strategy, MFPS, can control the load angle equally to the phase caused by the dead-time. As a consequence, reactive power is reduced. − A modification function is proposed to modify the modulation parameters. Thanks to the tool, MFPS can cover all the power range regardless of the voltage ratio or frequency limitation. Moreover, since the tool is used, the anti-windup function of the controller is not required. Therefore, the implementation of the control system can be simplified. − A formula to estimate the minimum transition current to completely charge/discharge the output capacitor of MOSFET during the dead-time is introduced. It can be used as a reference for other research on the same topic.
− The proposed MFPS can boost the efficiency by approximately 7% compared to the conventional single-phaseshift method. However, there are also some drawbacks of the proposed modulation strategy: − In the medium and high power ranges, the MFPS can guarantee ZVS of all switches. In the low power condition, partial ZVS can be achieved. However, ZVS might be lost under ultra-low power condition. − As experimented, the efficiency when operating the converter under the partial ZVS condition is sometimes even higher than under the completely ZVS one. Since MFPS can handle the load angle, it can also manipulate the converter under the partial ZVS condition. This can be done by reducing the coefficient λ in the modulation function Eq. (14) . However, determining the appropriate value for λ is out of the scope of this paper and will be discussed in the future.
